In this work, a procedure for the optimal design of Pumps As Turbines in Water Distribution Networks was applied, aimed at both maximizing the hydropower generation and exploiting the excess pressure. The design of the main characteristic PAT parameters, namely the flow rate and the head drop at Best Efficiency Point, the rotational speed and the impeller's diameter was assessed, under the hypothesis of applying the Electrical Regulation. The procedure allowed to estimate both the produced power and the exploited head at any simulated time-step, as well as the overall daily energy, in compliance with the hydraulic and technical constraints of the system. The model was tested on a simplified Water Distribution Network and a preliminary Cost-Benefit analysis was performed, showing interesting reliefs against short Payback Period.
Introduction
The use of Pumps As Turbines (PATs) in Water Distribution Networks (WDNs) is a viable approach to both generate small-scale hydropower energy and exploit the excess pressure. They represent an alternative to micro-turbines, providing interesting efficiencies and significant working conditions, at the expense of lower investment and maintenance costs. In the literature, due to the limited information about the PAT performances provided by manufactures, several theoretical [1] , experimental [2] [3] [4] and numerical [5, 6] models were proposed to assess the PAT characteristic curves at different operations.
Nevertheless, PAT application in WDNs still results a cogent issue, because of both the variable operations of the network and the hydraulic and technical constraints from their application. Several optimization and numerical approaches were implemented, aimed at extending both the PAT operative ranges and their benefits in the system [7, 8] . Nevertheless, many models require either huge computational efforts or trial-and-error or iterative procedures, sometimes reliable only if detailed information about the PAT geometry are available.
In this work the selection procedure proposed by Pugliese et al. [9] was applied to a simplified WDN, aimed at both assessing its effectiveness at varying the available head in the network and implementing a Cost-Benefit analysis to compare the energy production with the corresponding Payback Period (PP).
Materials and Methods
The selection procedure of centrifugal PATs in WDNs proposed by Pugliese et al. [9] allows to design the flow rate and the head drop at Best Efficiency Point (BEP) in turbine mode Qtb and Htb (the subscripts t and b refer to the turbine mode and the BEP, respectively), the impeller' diameter D and the rotational speed N, under the hypothesis of arranging the Electrical Regulation (ER) so as to vary the PAT rotational speed N at any operation in the range [Nmin; Nmax], in compliance with the technical and hydraulic constraints of the system. By combining the polynomial functions available in the literature to estimate the dimensionless characteristic curves of head and power [2, 9] , following ratio was derived, able to maximize the produced power Pt,max when the maximum discharge Qt,max flows in the network:
From a sensitivity analysis, also proved by results from literature [7] , it was observed that the overall daily energy maximization was achievable by increasing the ratio in Equation (1), at increasing the ratio between the maximum flow rate in the network and the average one. Qt,max/Qtb = 1.450 was specifically set for simulations.
As a function of Qt,max/Qtb setting, from the dimensionless head characteristic curve, the head drop at BEP Htb was assessed, under the hypothesis of exploiting the whole available head Ht,av_max at Qt,max. Moreover, the PAT rotational speed N and the impeller' diameter D were derived, setting the specific speed Nst and the specific diameter Dst equal to 29.39 and 2.52, respectively. The power maximization for flow rates different from Qt,max was also employed, by varying N accordingly.
For greater details, please refer to Pugliese et al. [9] . In this work a preliminary Cost-Benefit analysis was developed. The purchase PAT price by Novara et al. [10] was applied with reference to PATs connected to induction generators with 1 pair of magnetic poles: 
The rest of project costs was set equal to 300% of the PAT and generator cost CPAT+Gen; the revenue from energy sales to the national grid was set of 210 €/MWh and the yearly maintenance costs were equal to 5% of CPAT+Gen, in agreement with Novara et al. [10] .
Results and Discussions
The selection procedure was tested on a WDN serving 20,000 inhabitants, with average flow rate Qtm = 69.44 L/s and maximum flow rate Qt,max = 100.00 L/s. The daily demand pattern by Fontana et al. [11] was simulated, reaching the maximum flow rate Qt,max at 08:00. Two Scenarios were developed, at varying the available head Ht,av_max at Qt,max from 27.60 m in Scenario 1 to 77.60 m in Scenario 2, respectively. In both Scenarios, Qt,max/Qtb was set equal to both 0.951 and 1.450, in order to assess the power maximization at Qt,max and the daily producible energy Ed, respectively. In Table 1 the design parameters are summarized for both simulated Scenarios. In Figure 1a ,c comparison between both applied approaches is plotted. In both Scenarios the Qt,max/Qtb = 0.951 setting maximized the produced power at Qt,max, whereas the overall daily energy resulted lower of about 8% than that estimated at Qt,max/Qtb = 1.450. In Figure 1b showing the procedure ability of not exploiting greater head than the available one. For Qt values close to Qt,max the exploitation of the whole available head was also assured with significant benefits for pressure regulation and, thus, for water savings deriving from leakage reduction in the network. The Qt,max/Qtb = 1.450 setting provided better pressure regulation at any time-step, being more remarkable at lower flow rates Qt i. [10] were applied to both assess the flow rate and head drop ratios between turbine and pump operations and estimate the PP, respectively. Revenue from water savings deriving from the pressure regulation was neglected in this application.
In Figure 2 comparison between commercial models and designed ones is plotted. In Scenario 1 48 PAT models were rejected, being oversized with respect to the available head. Both approaches provided greater daily energy production than that from commercial PATs in both Scenarios, showing interesting PP in the order of 9.5 and 7.7 in Scenario 1 and 1.3 and 1.0 year in Scenario 2, at Qt,max/Qtb equal to 0.951 and 1.450, respectively. They were comparable with the PP of the most effective commercial PATs in Scenario 2, resulting slightly longer in Scenario 1, instead. 
Conclusions
In this work the selection procedure implemented by Pugliese et al. [9] for the optimal design of PATs in WDNs was applied to a simplified WDN, at varying the available head in the network. A preliminary Cost-Benefit analysis was employed, showing the effectiveness of the proposed approach to both perform the small-scale hydropower generation and reduce the excess pressure, against the operations of many PAT models available in the market. Interesting PP was assessed, however further reducible by assessing the revenue from water savings, neglected in this work.
